C, diepoxybutane, and psoralen plus long wavelength We have previously isolated from Fanconi anemia, ultraviolet (UVA) light, FA cells show increased chrocomplementation groups A (FA-A) and D (FA-D) cells, mosome damage and reduced cell survival (7-10). Cora DNA endonuclease complex which is defective in its related with this increased sensitivity to cross-linking ability to incise DNA containing interstrand cross-agents is reduced ability of FA cells to repair damage links produced by psoralen plus UVA light. The repair produced by these compounds (11) (12) (13) (14)(15)(16)). This repair decapabilities of the FA complexes, compared with those fect is found in the initial damage-recognition/endoof the corresponding normal complex, have now been nucleolytic incision steps of the repair process (15). there is a defect in ability of ability of these FA complexes to incise damaged DNA. these complexes to incise DNA treated with 8-meThese results indicate that the normal complex con-thoxypsoralen (8-MOP) plus UVA light (15). In FA-A tains the proteins needed to correct the DNA repair cells there is also a deficiency in the damage-recognidefect in FA-A and FA-D cells and that the FA-A and tion protein associated with this complex (19). In the FA-D complexes contain the protein needed to comple-present study, we have used two types of complementament the repair defect in each other. ᭧ 1997 Academic Press tion analysis, one in which these protein complexes are introduced by electroporation into intact cells and another in which complementation is carried out in a cell-free system, to examine the repair capabilities of Fanconi anemia (FA) is a recessive genetic disorder the normal and FA endonuclease complexes. In both characterized by diverse congenital abnormalities, assay systems, the normal complex complemented both bone marrow failure, and a markedly increased incithe FA-A and FA-D complexes and each FA complex dence of malignancy (1-4). Five complementation complemented the one from the other FA complementagroups of FA have been identified (A-E) (5, 6). A defintion group. ing characteristic, used for clinical diagnosis of patients from all five complementation groups, is the hypersensitivity of their cell to DNA interstrand cross-linking MATERIALS AND METHODS agents. When treated with agents such as mitomycin Cell culture and protein extraction. Normal human lymphoblastoid cell lines (GM 1989 and GM 3299) in suspension culture, cell nuclei were isolated, and chromatin-associated proteins were extracted in a series of steps, passed through a 3
ates the initial cleavage step in the repair of DNA in-
UVA treated FA-A and FA-D cells resulted in correc-
terstrand cross-links produced by psoralen plus long tion of their repair defect, determined by measuring wavelength UVA light (17, 18) . This complex contains repair-related unscheduled DNA synthesis (UDS). The a damage-recognition protein with specificity for pso-
FA-A and FA-D complexes could similarly complement
ralen interstrand cross-links (19) and endonucleases the repair defect in each others' cells, but not in their own. Second, mixing the normal with the FA-A and FA-which incise DNA at sites of these lesions (17) (18) (19) (20) . We D complexes, or the FA-A with the FA-D complex, in a have shown that, in cells from two FA complementation cell-free system resulted in correction of the defect in groups, FA-A and FA-D, there is a defect in ability of ability of these FA complexes to incise damaged DNA. these complexes to incise DNA treated with 8-meThese results indicate that the normal complex con-thoxypsoralen (8-MOP) plus UVA light (15). In FA-A tains the proteins needed to correct the DNA repair cells there is also a deficiency in the damage-recognidefect in FA-A and FA-D cells and that the FA-A and tion protein associated with this complex (19). In the FA-D complexes contain the protein needed to comple-present study, we have used two types of complementament the repair defect in each other. ᭧ 1997 Academic Press tion analysis, one in which these protein complexes are introduced by electroporation into intact cells and another in which complementation is carried out in a cell-free system, to examine the repair capabilities of Fanconi anemia (FA) is a recessive genetic disorder the normal and FA endonuclease complexes. In both characterized by diverse congenital abnormalities, assay systems, the normal complex complemented both bone marrow failure, and a markedly increased incithe FA-A and FA-D complexes and each FA complex dence of malignancy (1) (2) (3) (4) . Five complementation complemented the one from the other FA complementagroups of FA have been identified (A-E) (5, 6) . A defintion group. ing characteristic, used for clinical diagnosis of patients from all five complementation groups, is the hypersensitivity of their cell to DNA interstrand cross-linking MATERIALS AND METHODS agents. When treated with agents such as mitomycin in suspension culture, cell nuclei were isolated, and chromatin-associated proteins were extracted in a series of steps, passed through a 3 Current address: CIBA-GEIGY Corporation., Summit, NJ.
was able to increase UDS, which was 46% and 43% of plex, pI 4.6, which eluted from this column was dialyzed into 50 normal levels, respectively (Fig. 1B) . The electroporamM potassium phosphate (pH 7.1), 1 mM b-mercaptoethanol, 1 mM tion process itself did not have any effect on UDS in NaEDTA, 0.25 mM phenylmethylsulfonylfluoride and 40% ethylene glycol (15-17) and stored at 020ЊC as previously described.
any of the cell lines tested; UDS levels in all cells treated with 8-MOP plus UVA were the same regardPsoralen treatment and electroporation. Cells were suspended in less of whether they had been electroporated without phosphate-buffered saline (PBS) (0.15 M) and treated with 8-MOP (Sigma Chemical Company) (35 mM for 20 min) and two doses of enzyme, with albumin or not electroporated. These ex-UVA light (principally 366 nm) (18) . This dual irradiation procedure periments were carried out using several different enhas been shown to increase the proportion of DNA interstrand crosszyme extractions from each cell line. UVA light. It can be seen that there is a diminished ml) (0.4-1.8 mg) were then added to the cell suspension and a high UDS response in FA-A cells to 8-MOP plus UVA light voltage electric pulse was applied using a BTX transfector 300 Sys- (Fig. 2C ) compared to that of normal cells (Fig. 2B ).
tem (Biotechnologies, Inc.). The cells were exposed to a field strength Figure 2D shows restoration of this response to normal of 1.7 kV/cm over a distance of 3.5 mm for 4.0 milliseconds as previously described (18). The cell suspension was then incubated on or above normal levels in FA-A cells following introducice for 10 min and resuspended in 2 ml RPMI medium, buffered with tion, by electroporation, of the normal endonuclease Hepes buffer and supplemented with 15% horse serum, prewarmed complex. The results obtained from these UDS studies to 37ЊC.
were seen in both of the normal and both of the FA-
Measurement of unscheduled DNA synthesis (UDS).
The ability A cell lines tested. Differences between the individual of the cells to perform repair of 8-MOP plus UVA light damage to their normal and FA-A cell lines was less than 5%.
DNA was determined by measuring levels of UDS. The cell were pulsed These increases in UDS following electroporation of for 3 h with 10 mCi/ml [ cells, respectively, optimum levels of UDS were obmM Tris-maleate (pH 7.5) at 37ЊC for 2 h. The enzymatic reaction tained at the same concentration of protein. The dewas terminated, the samples electrophoresed, and endonuclease ac-creased UDS levels observed when higher concentrativity calculated as previously described (15, 17).
tions of the complex were used may be due to nonspecific cleavage produced in DNA by the increased RESULTS intracellular levels of these endonucleases.
Correction of the FA-A and FA-D repair defect in a Correction of the FA-A and FA-D repair defect at the
cell-free system. The FA-A and FA-D endonuclease cellular level. Introduction, via electroporation, of the complexes were then examined in a cell-free system to normal human or FA-D DNA endonuclease complex, determine whether they could complement each other, pI 4.6, into FA-A cells treated with 8-MOP plus UVA and be complemented by, the normal complex. We have light resulted in correction of their DNA repair defect previously shown that, in this system, both FA com- (Fig. 1A) . UDS levels in these cells were over 100% of plexes are defective in ability to incise DNA treated those observed in normal cells similarly treated but with psoralen plus UVA light (15). Figure 4 shows that, without addition of the endonuclease. These increases when half the usual amount of the normal complex and in UDS levels in FA-A cells were dependent upon elecof the FA-A complex were mixed together, the number troporation of the normal or FA-D endonuclease comof incisions produced on 8-MOP plus UVA light treated plexes into them; electroporation with albumin or the DNA was significantly greater (põ0.001) than could be FA-A endonuclease produced only approximately 38% accounted for by an additive effect, and instead was and 40%, respectively, of the UDS levels seen in simiapproximately equal to the effect produced by twice larly treated normal cells (Fig. 1A) . In a similar manthis amount of the normal complex. Similar results ner, the repair defect in FA-D cells treated with 8-MOP were obtained using both FA-A cell lines. Similar replus UVA could be corrected by electroporation of eisults were also obtained when half the usual amount ther the normal or FA-A endonuclease complex into of the normal and FA-D complexes were mixed ( Figure  these cells (Fig. 1B) . In both cases UDS levels were greater than 100% of normal levels. Neither electropor-4). Moreover, Figure 4 also shows that mixing half the cross-linking agents (11) (12) (13) (14) (15) (16) , the specific protein(s) re-gether with it in a cell-free system. Decreased DNA repair activity in FA-A and FA-D cells after exposure of sponsible for this defect has not been isolated and identified. One method for ascertaining whether a particu-psoralen plus UVA must therefore be due to decreased levels of a specific repair protein or to a defective repair lar protein is responsible for defective DNA repair in FA-A cells is to determine whether the protein can re-protein. These same conclusions are obtained from the electroporation studies in which the normal endonuclestore DNA repair functions to normal levels. The present studies clearly demonstrate, using two different ase complex is able to complement the FA-A and FA-D repair defects. This would not have been the expected methods of analysis, that the normal DNA endonuclease complex, pI 4.6, can correct the defect in ability of observation if an inhibitor for this incision activity was present in the FA cells. Second, these studies indicate FA-A and FA-D cells to repair damage produced by 8-MOP plus UVA. First, introduction via electroporation that there is a different DNA repair protein defect in FA-A and FA-D cells since neither the FA-A nor the of the normal endonuclease complex into both FA-A and FA-D cells, treated with 8-MOP plus UVA, pro-FA-D complex is able to correct the repair defect in its own cells, when introduced into them by electroporaduces UDS levels that are greater than those of normal cells. Second, the normal endonuclease complex, when tion, but each is able to correct the repair defect in the other. mixed with either the FA-A or the FA-D complex in a cell-free system, corrects the defect in the ability of
The exact nature of the incision defect in FA-A and FA-D cells is not entirely clear. Unlike normal human these endonucleases to incise 8-MOP plus UVA damaged DNA. Taken together, these results indicate that cells, where dual endonucleolytic incisions are made in DNA on both sides of a TMP interstrand cross-link (20), the normal endonuclease complex contains the proteins needed to correct the DNA repair defect in FA-A and both FA-A and FA-D cells are defective in ability to make these dual incisions (Kumaresan and Lambert, in FA-D cells. In addition, since the FA-A and FA-D endonuclease complexes can correct the repair defect in preparation). Whether this defect is due to a defectiverecognition protein which may play a role in recruiteach other, this indicates that each contains the protein needed to complement the defect in the other. ment of the endonucleases to the site of damage (19) or to another protein involved in the incision step is These complementation studies provide some clues as to the nature of the protein repair defect. First, the under investigation. The FA group A gene has recently been cloned, however, the function of the protein endefect in endonucleolytic incision activity in FA-A and FA-D cells is not due to the presence of an inhibitor. coded by this gene is currently unknown (23, 24). It is possible that it plays a direct role in the repair process This is demonstrated by our results which show that the FA-A and FA-D complexes do not inhibit the inci-in FA-A cells and is part of the endonuclease complex involved in the incision step described in the present sion activity of the normal complex when mixed to-
